Background and Purpose: The aim of this study was to investigate the neurobehavioral consequences of focal ischemia in rats.
O cclusion of the left middle cerebral artery (MCA) in rats, first described by Tamura et al, 1 is widely used to mimic focal cerebral ischemia in humans. 2 Most studies on drug antiischemic activity using this model evaluate the drug's ability to reduce the volume of ischemic damage. 3 " 6 However, some reports have also described the functional consequences of focal ischemia using a simple, rapid neurological examination with grading scales for each symptom. 7 - 13 There have also been a few reports of memory dysfunction assessed using a step-through 1011 or passive avoidance test. 914 This report examines, using several neurobehavioral tests, the deficits present in the days following MCA occlusion. Our purpose was to evaluate more acutely the functional deficits induced by MCA occlusion, to determine whether these deficits correlate with histological damage, and to indicate which neurobehavioral test(s) might be useful for assaying new anti-ischemic drugs.
Materials and Methods
The investigations were carried out in 27 male Sprague-Dawley rats weighing 280-300 g (Charles River, Cleon, France) divided into two groups: 14 MCA-occluded rats and 13 sham-operated rats. Each was anesthetized with 300 mg/kg i.p. chloral hydrate. Body temperature was maintained close to 37°C by a heating pad. Brain normothermia controlled by a thermocouple (Digi-Sense, Cole-Parmer Instrument Co., Chicago) inserted into the left temporalis muscle 15 was maintained by placing a 60-W lamp above the rat's head. The MCA was occluded using the technique of Tamura et al 1 as modified by Shiraishi and Simon. 16 The scalp and temporalis muscle were reflected, and the zygomatic arch was removed. A subtemporal craniotomy beside the foramen ovale was performed using a dental drill. The proximal MCA was coagulated from its origin to its junction with the olfactory tract using microbipolar forceps. Virginiamycine (Smith Kline & French, Paris) was applied, the skin was sutured, and the rat was returned to its cage, which was warmed (24°C) for the night following surgery. The surgical procedure for sham-operated rats was similar except for MCA cauterization.
The neurological deficit was evaluated on day 3 after MCA occlusion or sham operation using the protocol of Tupper and Wallace 17 as modified by Capdeville et al. 18 Neurological status was rated for the following items: equilibrium: on a horizontal bar and an inclined plane; grasping reflex in which observation of the four paws allowed for separate scoring of the contralateral and ipsilateral (i.e., occlusion) sides; righting reflexes: "head tilted," "on back," and "dropped"; placing reactions: visual and "leg hanging" in which observation of the four paws allowed for separate scoring of the contralateral and ipsilateral sides; and motility: spontaneous and circling behavior. As proposed by Bederson et al, 13 we observed each rat for forelimb flexion and rated the rat's thorax twisting when suspended by its tail. A grading scale (Table 1 ) was used to assess the effects of ischemia, and the sum of the partial scores gave the global neurological score, which is 24 in normal nonischemic rats.
The passive avoidance task described by Bures et al 19 has been slightly modified as follows: the training was carried out with two acquisition tests on days 2 and 3 after surgery and one retention test on day 4. The apparatus was an illuminated safe compartment with a Plexiglas door in the wall through which the rat could enter a dark compartment that had a grid on the floor. In the first acquisition test, the rat was placed in the illuminated safe compartment for a 60-second habituation period. The door was then opened, and the response latency (time to enter the dark compartment) was measured. Once all four paws of the rat were on the grid, the door was closed and a foot shock was delivered (2 mA, 5 seconds). The rat was immediately returned to its home cage. For the second acquisition test, the rat was placed in the illuminated compartment for 30 seconds before the door was opened. The response latency was recorded, and any entry into the dark compartment was followed by a similar foot shock. For the retention test, the rat was placed in the illuminated compartment for 30 seconds, and the response latency was measured. The response latency of rats that did not enter the dark compartment during the observation period was taken to be 300 seconds.
A Y maze test was performed on day 3 after surgery. Normal rats visit the arms of the maze one after the other. This behavior, spontaneous alternation, was used to evaluate the working memory of rats placed in a new environment. 20 The apparatus comprised three (numbered 1, 2, or 3) black wooden arms (40x15x35 cm) placed in a dark room and illuminated with a 60-W lamp placed 1.5 m above it. The rat was placed in one arm (no. 1); three possibilities were offered to the rat for its first choice: staying in arm 1, moving into arm 2, or moving into arm 3. An alternation was considered as correct if the rat visited a new arm and did not return to the two previously visited arms. The ratio of correct alternations to the number of visits during an 8-minute observation period was calculated to give the frequency of alternation. A frequency of >50% indicated spontaneous alternation. 20 Spontaneous exploratory behavior was studied with an open field test 2122 on day 3 after surgery. The apparatus (90x70 cm), with 10x10 cm squares painted on its floor, was illuminated by a 60-W lamp placed 1 m above it. Four wooden parallelepipeds (12x7x5 cm) were placed symetrically in the center of the floor. Each rat was placed in a corner of the apparatus and observed for 6 minutes. The latency (time before leaving the start point), motility (number of squares crossed), number of visits to the objects (i.e., stops with sniffing and/or rearing), and number of rightings against the apparatus walls were noted.
The rats were decapitated under ether anesthesia on day 4 after surgery, and their brains were rapidly removed and frozen in isopentane at -40°C. Coronal cryostat sections 30 /im thick were cut at 12 levels throughout the rostrocaudal extent of the brain, from 13.2 to 3.2 mm anterior to the interaural line. 23 The sections were stained with cresyl violet, and areas of infarction were delineated and measured with an image analyzer (Imstar, Paris, France). Total infarct volume was determined by integrating the areas of infarction (with correction for edema) at each level and the distances between them. Edema was assessed as the ratio between the area of the right cerebral hemisphere and that of the left cerebral hemisphere at each coronal level.
Results are expressed as mean±SEM. Differences between groups were evaluated using Student's t test. Spearman's test was used to calculate correlations.
Results
In the MCA-occluded rats total infarct volume was 187.4±9.8 mm 3 and edema was 22.8±1.6%. Histological damage (Figure 1) ). Ischemia induced lesions in the motor and sensorimotor frontoparietal cortex. The dorsolateral caudate-putamen was always infarcted, with maximal infarction being 8.7 mm from the interaural line ( Figure 1) .
The MCA-occluded rats had a much lower global neurological score (12.8±0.5) than the sham-operated rats (21.7±0.7; df=75, f=10.384,/><0.001). Ischemia disturbed several items of the neurological examination (Table 2) : the contralateral grasping reflex (f=3.328), the contralateral leg hanging reaction (f=25.980), and the head tilted righting reflex (/=5.716) (df=25 andp<0.001 for each item). Disturbance of the visual placing reaction (df =25, f=12.509,/?<0.001) may be associated with increased thorax twisting (df=25, f=12.523,/j<0.001). Ischemia disturbed spontaneous motility (df=25, f=8.498, /><0.001) and induced forelimb flexion. The other items were not modified.
In the passive avoidance task the response latencies of the two groups did not differ for the first and second acquisition tests (Table 3) . However, MCAoccluded rats showed a shorter response latency than the sham-operated rats (df=25, t=1.481, /?<0.05) in the retention test. In the Y maze test the spontaneous alternation percentage was not modified by ischemia (67.1 ±4.7% in the MCA-occluded group versus 76.0±3.9% in the sham-operated group). In the open field test (Table 4) , focal ischemia did not alter the FIGURE 
Representative distribution of ischemic damage (black areas) at different coronal levels after proximal middle cerebral artery occlusion in rats.
latency, motility, or number of visits to the objects. Only the number of rightings against the apparatus walls was reduced in the MCA-occluded rats (df=25, t=2.719, p<0.01). There was no significant correlation between these neurological or behavioral deficits and the size of the infarct (Figure 2 ) (total infarct volume, cortex infarct volume, or caudate-putamen infarct volume).
Discussion
We evaluated the consequences of MCA occlusion-induced histological damage on neurological status and behavior. The cerebral infarct was larger than that obtained by others 324 in the same rat strain in both the cortex and the caudate-putamen, perhaps because we maintained both body and brain temperature to avoid the protective effect of hypothermia. 25 The neurological status of MCA-occluded rats was evaluated 1, 2, and 3 days after ischemia in preliminary studies (unpublished). The neurological deficit was maximum on day 1, and no further change occurred during the 2 following days. Hence, we allowed the rats to recover from the surgical and occlusion stresses for 24 hours, began the tests 48 hours after ischemia, and continued the neurobehav- In this model Bederson et al, 13 Persson et al, 12 and Obana et al 8 all performed simple neurological examinations evaluating forelimb flexion, resistance to a lateral push, and circling behavior. Germano et al 7 performed a neurological examination with the same items except circling behavior. Yamamoto et al 9 -11 evaluated the degree of hemiplegia and abnormal posture. Tominaga and Ohnishi 14 examined motor performance using an inclined plane test, a balance beam test, and a prehensile test. These neurological examination protocols detect hemiplegia, motor performance, and abnormal postures. The neurological examination that we used provides a more detailed description of ischemia-induced sensorimotor dysfunctions. The contralateral leg hanging placing reaction was disturbed in the same way as the grasping reflex and the head tilted righting reflex and might be due to hemiplegia. Thorax twisting may be responsible for the incorrect visual placing reaction. Forelimb flexion induced by ischemia, as observed by others, 71213 was always present. Spontaneous motil- ity was also affected; the rats walked on their digits instead of on their foot pads. This feature occurred mostly with the right hind paw and generated a crawling walk. All of these deficits can probably be attributed to neuronal lesions affecting sensorimotor areas. The cortical motor area of rats, the anterior dorsal cortex, 26 includes areas corresponding to the hind limb and the forepaw that are both almost always damaged by ischemia. Circling behavior never occurred, but rolling behavior occurred 3-4 hours after MCA occlusion. This might be attributed to the striatal lesion because a similar rolling was observed after injecting quinolinic acid (a neurotoxic glutamate receptor agonist) into the striatum to induce local tissue necrosis (personal observations). This rolling might also be due to released dopamine because Globus et al 27 demonstrated postischemic hyperactivity of the striatal dopaminergic system after ischemia that persisted for at least 4 hours. This transient effect might explain why the rats showed no circling behavior 3 days after MCA occlusion.
In the passive avoidance test, focal ischemia induced a memory impairment during the acute phase. Our results are in agreement with those of others 914 showing a mnemic disturbance in MCA-occluded rats in a one-trial passive avoidance test 914 or a step-through procedure. 1011 The hippocampus, the temporal lobe, and the cholinergic system are generally considered to be the main centers of memory processes. 28 Our results suggest that the cerebral cortex or striatum might also be involved in learning memory. There was no evidence of hippocampal damage although the histological study protocol provided no fine microscopic observation of the neurons. This learning memory impairment may also be due to brain edema because memory disturbance is correlated with brain edema. 14 Memory function assessed with the Y maze did not reveal any disturbance of working memory. However, the Y maze is a simple and rapidly performed test, and using a radial-arm maze 3 months following focal ischemia in rats, Kanemitsu et al 29 observed an impairment of working memory that was attributed to a decrement of acetylcholine levels in the cortex. This test is more rigorous but takes longer, which is not suitable for our purpose.
The decrease in the number of rightings against the apparatus walls in the open field test might be due to slight hemiplegia-induced motor frailty preventing the rats from remaining stable on their hind paws. In rats with forebrain ischemia Le Peillet et al 22 reported a decrease in exploratory behavior but no hypermotility using the same modified open field test. We found no disturbance of exploratory behavior. A hypermotility phase (in a conventional open field test without objects) was observed 30 in right MCA-occluded but not left MCA-occluded rats and was attributed to anatomic or physiological asymmetries in the brain. Hence, focal ischemia does not disturb exploratory behavior or induce any motor incapacity. Because the latency was unchanged, our data suggest that vigilance remained unchanged in MCAoccluded rats.
None of these neurobehavioral outcomes correlate with the cortical, striatal, or total infarct volume. Bederson et al 13 studied the influence of site and length of the MCA occlusion on neurological deficits. Their occlusions induced infarcts of highly variable size, resulting in different neurological outcomes. Similarly, Obana et al 8 found a correlation between the neurological grade and size of the infarct. Both results disagree with our findings. However, in our conditions, the MCA was always occluded in the same proximal portion, leading to a homogeneous volume of infarction. Hence, this limited range of infarct volume was associated with reproducible neurological deficits, so there was no correlation between these measurements. Although staining with cresyl violet allowed us to delineate clearly the boundaries of necrotic tissues, this staining did not allow fine evaluation of the morphological status of the neurons. Thus, it cannot be excluded that some damaged areas of the brain might be nonfunctional without being necrotic. Hence, the neurobehavioral deficits we describe might be related to transient dysfunction of the neurons, without any alteration detectable with cresyl violet staining.
The lack of correlation between infarct size and neurological status indicates that a parallel examination of neurological deficits and behavioral disturbances (particularly passive avoidance reactions) should be performed to evaluate the cerebral antiischemic profile of new compounds.
